Abstract-In modern electronic products, the noise from highspeed digital parts is likely to interfere with nearby receivers, causing radio-frequency interference (RFI) issues. In this paper, the equivalent dipole-moment models and a decomposition method based on reciprocity theory are proposed being used together to estimate the coupling from the noise source to the victim antennas. The dipole-moment models are extracted from the near fields of the noise source by solving the inverse problem. The tangential electromagnetic fields on a Huygens's surface, which enclose the victim antenna, can be calculated from these equivalent dipole-moment models. Then, the victim antenna only is treated as a radiator. The tangential electromagnetic fields from the radiating antenna on the same Huygens's surface can be obtained. With these two groups of the fields on the Huygens's surface, the reciprocity theory is applied to estimate the coupling from the noise source to the victim antenna. This method is validated by full-wave simulations and measurements of a simple printed circuit board. The proposed method provides convenience to estimate RFI issues in the early design stage and saves the time of RFI simulation and measurements.
I. INTRODUCTION
R ADIO-FREQUENCY interference (RFI) from the highspeed digital circuits to the radio frequency subsystem may interrupt, obstruct, or degrade the effective performance of the mixed (RF)/digital systems. Since many digital electronics such as clocks, high-speed I/O traces, cables, power delivery networks, and processing components are all possible noise sources for the RF receivers [1] , the RFI issues are becoming increasingly critical for modern electronic design. On the other hand, as it is preferable to decrease the size of the electronic product, its internal structure becomes more and more complex. Thus, the coupling mechanisms between the noise source and victim RF subsystem could be very complicated and have more possibilities. In the meanwhile, correcting RFI problems after systems are designed and ready to go into production is usually expensive and can result in program delays that adversely affect the acceptance of a new product [1] . Therefore, a method is needed to estimate the RFI in complex systems during the early design and development phases.
In [2] , the author proposed a decomposition method based on reciprocity theory to predict the coupling from a digital noise source to an RF antenna. Compared to the traditional FRIIS transmission equation, which is used to calculate the coupling in the far-field region, the decomposition method in [2] has very good performance for the coupling estimation in the nearfield region, which is the common situation in mixed RF/digital systems. The method consisted of three steps illustrated by fullwave simulation examples in [2] . First, with the existence of the noise source and the victim antenna, a Huygens's box was introduced to enclose the antenna. Afterward, the antenna was removed. In this case, the noise source was excited and the induced tangential electromagnetic fields on the Huygens's box are obtained by the full-wave simulation tool. Second, only the victim antenna was simulated as a radiating antenna. The tangential electromagnetic fields from the antenna radiation on the same Huygens's box were also recorded. Finally, using the two groups of tangential electromagnetic fields on the Huygens's box, the coupled power from the noise source to the victim antenna could be calculated by reciprocity theory [2] . This method was applied in several numerical models and achieved decent RFI estimation. However, to model the actual noise source, such as highspeed digital integrated circuits, LCD panels, etc., is very difficult. Sometimes the radiation interference of the victim antenna comes from multiple sources, so it is difficult to draw the real structure in the full-wave software. In addition, when the structure of the noise source is complex, the full-wave simulation could be very time-consuming. Hence, the tangential electromagnetic fields on the Huygens's box in the first step of [2] are no longer easily available by direct simulation. On the other hand, directly measuring the tangential fields on the Huygens's box is limited by the 3-D scanning technique. It also costs a lot of time and computer resource to scan the fields on all five surfaces. Thus, a method to model the noise source easily and calculate its radiation accurately is needed.
Much research effort has been put into the development of an equivalent model for the noise source from near-field scanning. The equivalent electric and magnetic currents were calculated from the near-field measurements by a moment method procedure to present antenna radiation in [3] - [7] . The equivalent current sources were placed over a fictitious surface which encompasses the antenna and both the synthetic and experimental results illustrated the accuracy of this method. In [8] - [11] , electric and magnetic dipoles were proposed as the equivalent model for the noise source. The magnitudes and the phases of the equivalent dipoles were determined by solving the inverse problem from near-field electromagnetic fields. The results in these publications showed that the equivalent dipole-moment models have good prediction of the radiation anywhere outside the source. Several researchers have also successfully imported these equivalent dipole-moment models into the commercial full-wave simulation tools for system level simulations, such as in [12] and [13] .
In this paper, the equivalent dipole-moment models and the decomposition method based on reciprocity are proposed being used together to estimate the coupling from the noise source to the victim antennas. This method can improve the coupling estimation efficiency and is feasible for real products. The equivalent dipole-moment models were extracted to model the noise source from the tangential magnetic fields on one near-field plane [10] , by the least square method. Employing only magnetic near fields, this method can save almost half of the measurement time compared to the traditional method in [11] , using both electric and magnetic near fields. Since there are close equations to calculate the dipole radiation, the tangential electromagnetic fields on the Huygens's box can be obtained quickly in MATLAB rather than doing a full-wave simulation. Thus, the first step of the decomposition method was fulfilled. Then, similarly with [2] , the victim antenna was modeled and excited in simulation software to export the tangential fields on the same Huygens's box. Finally, the coupling from the noise source to the victim antenna was estimated by reciprocity theory.
The proposed method prevents using complex models and time-consuming simulations for the source. Using only magnetic near fields for dipole extraction, the scanning consistency can be kept and the scanning time is also saved significantly. With the equivalent dipole-moment models and the tangential fields from the antenna on the Huygens's box, the source and antenna can be placed in arbitrary locations. The proposed method can estimate the interference quickly and accurately for each location combination in the early design phase. The measurement validation for this kind of problem is demonstrated for the first time in this paper.
In this paper, Section II illustrates the equivalent dipolemoment models extraction algorithm and decomposition method based on reciprocity theory. Sections III and IV contain the numerical and measurement validation of the proposed method. Finally, the discussion and conclusion are given in Sections V and VI. 
II. ALGORITHM AND METHOD
This section illustrates the algorithm of equivalent dipolemoment model and the decomposition method based on reciprocity.
A. Equivalent Dipole-Moment Model
An arbitrary electrically small source can be approximately replaced by six kinds of dipoles based on the multiple expansion of a radiation source [14] . For a lot of electronic products, the noise source is usually located closely on a large ground plane. In this situation, the radiation from tangential electric dipoles and vertical magnetic dipoles will almost be cancelled by their images. Thus, in Cartesian coordinates, just the vertical electric dipoles (P z ) and tangential magnetic dipoles (M x , M y ) are enough to be the model for the noise source. The dipoles are located in or near the noise source and determined by the tangential magnetic fields on a near-field plane of the source. Fig. 1 illustrates the equivalence of the dipole-moment model and the noise source.
The procedure to obtain the equivalent dipole-moment model is summarized as follows:
In Fig. 1(a) , the near-field plane was divided into L x × L y grids. The tangential magnetic fields in the center of each grid were scanned and organized as two Fig. 1(b) , the dipoles were distributed in N x × N y locations and each location had one P z , one M x , and one M y dipole. Thus, these dipole moments in different locations were denoted as three
With the analytical radiation equations in [13] , the dipole-moment model's radiation on every near-field grid was given as [H x (D)] and [H y (D)]. As the equivalent model, the dipole generated magnetic fields were equal to the scanned fields from the real source, as shown in the following equation: 
where the T matrix was expressed by
Each sub-matrix has the size of (L x × L y ) × (N x × N y ), denoting the contribution of one type of the dipoles to one component of the magnetic fields.
Then, both the field arrays and the dipole arrays were normalized, as shown in (4) and (5). Here, k 0 is the propagation constant in the free space. H max is the maximum magnitude of
In this case, (2) becomes
where
When the coordinates of all the near-field grids and the dipole locations were defined, the T nk matrix was generated. The leastsquare method was applied to solve the inverse problem in (6) . The solution is given by
Then, the actual dipole moments were obtained by dividing
Compared to the global optimization method, the least square method to extract dipole-moment model might be more sensitive to the accuracy of the measurements, and perform worse when having too many independent variables [15] . On the other hand, global optimization methods required a lot of computing time and might lack stopping criteria in some situations. Each method has its advantages and disadvantages, this paper employed the least square method for its fast calculation and effectiveness. The performance of both methods highly depends on the number of dipole moments used in the model. Determining the suitable/optimal number of dipole moments remains an issue to be solved in practical engineering applications. 
B. Decomposition Method Based on Reciprocity
As described in the previous section, the decomposition method has three steps to do the RFI estimation between the noise source and the victim antenna. This section will explain the method with the equivalent dipole-moment model as the source in details.
1)
Step 1: Forward Problem: Based on the equivalent dipolemoment model extraction algorithm, the dipole moments were calculated from the tangential magnetic near fields to represent the real noise source first. The coupling between the source and the victim antenna, Fig. 2(a) , was equal to the coupling between the dipoles and the antenna, Fig. 2(b) . The couplinginduced electromagnetic fields on the port of victim antenna, named as E fwd a , H fwd a . In Fig. 3 , a Huygens's box was set up to enclose the victim antenna and then the antenna was removed. The Huygens's box was divided into many cells on which the tangential electromagnetic fields were calculated from the dipole moments. This procedure was named "Forward Problem" and the tangential fields on the Huygens's box were recorded as E 
2)
Step 2: Reverse Problem: Corresponding to the "Forward Problem," step 2 was named "Reverse Problem" in which the source was removed and only the victim antenna was excited. Thus, on the same Huygens's box, the tangential electromagnetic fields generated from the excited antenna were recorded as E from the "Forward Problem" and "Reverse Problem," the interference was estimated based on these fields by reciprocity theory.
The reciprocity theory was expressed by the fields and source quantities in the forward and reverse problem as [2] 
where J and M are electric current and magnetic current source, where "fwd" and "rev" denoting the problem type. When the integral is over the entire space, (9) was further simplified as
The subscript "c" means the corresponding fields or currents locate on the Huygens's box, and similarly, "a" means the antenna port. The current sources J Following the procedure in [16] , the two terms on the right side of (10) became
Substituting (11)- (14) into (10) obtained
In (11)- (15), S c is the overall surface of the Huygens's box and equally meshed into small square cells with the area of S cell . The fields were distributed uniformly in each cell. Thus, the integral over S c can be expressed by the summation over all the cells. Z in is the input impedance of the antenna in the "Reverse Problem" and Z L is the load impedance at the antenna port in the "Forward Problem," 50 Ω in common usage. U rev a is the exciting voltage in the "Reverse Problem."
Finally, with the fields on the Huygens's box from the forward and reverse problem, the coupling voltage was solved by
Based on U fwd a , the scattering parameter from the victim antenna to the source was easily calculated by (17) . U in in (17) is the incident voltage at the source port
III. NUMERICAL VALIDATION A group of passive structures were modeled, as shown in Fig. 5 , in a commercial full-wave simulation tool (HFSS) to validate the proposed method. Structures 1, 2, and 4 are three patch antennas, modeled by copper, working at 2.5 GHz. The size of the patch is 28 mm × 37.2 mm. Structure 3 is a shorted curving trace with the characteristic impedance of 50 Ω. The antennas and the trace are located on the printed circuit board (PCB), of which the dielectric material is FR4. The back side of this PCB is the ground modeled by copper. The distance between the centers of antenna 1 and 2 is 77.2 mm, while the distance between antenna 2 and 4 is 111 mm.
A. Noise Source: Trace
Taken as the noise source, the trace was excited at one end and short terminated at the other one. The three patches are victim antennas at different locations. After the full-wave simulation of the whole model, the scattering parameters between the ports of the trace and the antennas indicated the corresponding interference.
Meanwhile, the equivalent dipole-moment models for the trace were established from its simulated tangential magnetic fields on a near-field plane. And then applying the proposed method, the coupling power on each antenna port was also estimated. Fig. 6(a) shows the magnetic near-field pattern at 2.5 GHz. This plane was centered at the center of the trace, with 60 mm in length, 60 mm in width, and 5 mm in height. Assuming the dipoles are located at 8 × 8 arrays centered at the trace center, with 4 mm spacing in x-and y-directions, the reconstructed pattern of the same near-field plane is shown in Fig. 6(b) . The agreement between the simulation and the dipole reconstruction validated the equivalence of the dipole-moment model.
In "Forward Problem" and "Reverse Problem," the Huygens's box for each antenna was a 40 mm × 40 mm × 40 mm cube. (16) and (17), U fwd a and the scattering parameter was calculated. Fig. 8 shows the comparisons between the proposed method estimation and the direct simulation for each victim antenna.
The comparison illustrated that the proposed method can predict the trend of the scattering parameters well. Thus, the worst coupling frequency could be identified and the effect of the antennas locations could also be evaluated.
B. Noise Source: Antenna
In the meanwhile, one of the antennas was also taken as the noise source to examine the method. Fig. 9 shows the magnetic near-field pattern of antenna 4 and the reconstructed fields by its dipole-moment model at 2.5 GHz. This near-field plane size was 70 mm × 70 mm with the height of 5 mm. The dipoles also had 8 × 8 locations and 4 mm spacing. Similarly, the Huygens's box was set up to cover antenna 1, 2, and the shorted trace. With the tangential fields on the Huygens's box in the "Forward Problem" and "Reverse Problem," the scattering parameters between antenna 4 and the other structures were estimated by the proposed method. Fig. 10 shows the comparisons between the estimation and direct simulation in HFSS.
The comparisons in Figs. 8 and 10 show that the proposed method worked for different kinds of noise sources and antennas. The trends of the scattering parameters are well predicted in both cases. The differences for most frequencies were within 3 dB.
IV. MEASUREMENTS VALIDATION
A PCB board of the passive structures in Fig. 5 was also fabricated, as shown in Fig. 11 . Similar to Section III, the shorted trace and one of the antennas were taken as the noise sources, respectively. Their tangential magnetic near fields were measured by the phase-resolved near-field scanning technique, reported in [17] , to extract the dipole-moment model. The measurement set-up is illustrated in Fig. 12 .
The source (trace or one antenna) was excited by the signal from port 1 of the vector network analyzer (VNA). After the scanning area above the source and the scanning step are determined, the probe moved through all the scanning points step by step. At each scanning point, the induced signal at the probe was amplified and received by port 2 of VNA. Thus, the measured S 21 reflects the particular component of the normalized tangential magnetic field corresponding to the orientation of the probe at the scanning point, after the probe factor, obtained by the method in [17] , is taken into account. Then, the dipole-moment model was extracted from the measured near fields as described in Section II. Finally, the coupling from the source to the other structures in measurement was studied by the proposed method.
A. Noise Source: Trace
Using the shorted trace as the noise source, the same near-field plane as Section III was set up. Fig. 13 displays the measured near-field pattern at 2.5 GHz as an example. The reconstructed pattern was from the same 8 × 8 dipole-moment arrays.
Considering the noise, imbalance of the probe and the inaccuracy of the probe calibration, the near-field pattern reconstruction from the real measurements was not as good as the simulation but the main distribution of the magnitudes and phases were restored. Similar to Fig. 7 , the Huygens's boxes were set up as 40 mm × 40 mm × 40 mm cubes enclosed a victim antenna. In "Forward Problem," the dipole-moment model will calculate the tangential fields over the Huygens's box and in "Reverse Problem," the tangential fields over the Huygens's box were obtained by the simulation when exciting the corresponding antenna only. In Fig. 14 , the proposed method gives the estimation of the scattering parameters and compares to the direct measurements by vector VAN. The agreement between the estimation and the measured scattering parameters indicates that the proposed method can closely predict the interference from the source to the antennas at different locations.
B. Noise Source: Antenna
Consistent with the simulation, the same near-field pattern of antenna 4 was measured and used to extract the dipole moment models. Fig. 15 shows the comparison between the measurements and the dipole reconstructed one.
Applying the same Huygens's box and getting the tangential magnetic fields on it in both "Forward Problem" and "Reverse Problem," the scattering parameters between the victim structures and the antenna 4 were compared to the VNA measurements in Fig. 16 . The results validated that the proposed method has very good RFI estimation.
V. APPLICATION AND DISCUSSION
The performance of the proposed method for RFI estimation was verified in the previous sections. With this method, the interference between the noise source and the victim antenna (such as the reports in [18] - [22] ) can be estimated in the early design stage. This method provides the advantages for engineers to evaluate the location influence, the frequency effect, and other issues in RFI problems before the product fabrication. With the dipole moment models, this method also works for complex noise sources. The model can be extracted from the measurements of the real source, instead of modeling the structure in a simulation tool. This makes the RFI estimation possible for the real products. Furthermore, the concept of "RF Library" can be introduced by applying the proposed method. The dipole models for different noise sources can be extracted and saved in the "Source Library." Likewise, different kinds of antennas can also be modeled and simulated with a known excitation. The tangential fields on a defined Huygens's box can be obtained and saved in the "Antenna Library." Thus, the engineers are able to play with different noise sources and different antennas from the "RF Library" in various locations to find out the best solution.
For the equivalent dipole-moment extraction algorithm, it was observed that the near-field pattern reconstructed from the simulation is usually better than the one reconstructed from the real measurements. Our experience was that the accuracy of the measured near fields was limited by the probe sensitivity, environment noise, probe calibration error, and other measurement errors. While the least square method is a simple and fast method to solve the inverse problem, its accuracy relates to how good the measurements are. For example, in both simulation and measurements, the coupling prediction between two antennas was always better than the one between the trace and antenna. This may be mainly due to the fact that the radiation from the trace was weaker than the antenna at the studied frequencies. As a result, the scanned near fields of the trace suffered more from the measurement noise so that the solved dipole-moment model had less accuracy. Thus, the approaches to improve the measurements will benefit the overall method. Also, the algorithm to optimize the solution of the inverse problem as well as the dipoles distribution is valuable to study and incorporate.
VI. CONCLUSION
This paper proposed an RFI estimation method by using equivalent dipole-moment models and the decomposition method based on reciprocity. This method allows engineers to model the complicated noise source, which may be very difficult to draw in the simulation tool, by dipole-moment models. By applying the decomposition method based on reciprocity, the RFI between the modeled source and the victim antenna can be reasonably estimated. With this method, the interference for any locations of the source and the victim antenna can be calculated fast in the MATLAB, instead of the time-consuming simulation of the whole structure. Thus, engineers would be able to efficiently assess RFI issues of the product in the early design stage. The proposed method has been validated by a PCB example numerically and experimentally for the first time.
